INTRODUCTION
============

Post-transcriptional gene regulation including mRNA stability regulation and translational control is an integral part of gene expression and enables more rapid responses and fine-tuning of cell changing conditions ([@B1]). The coordinated expression of cellular iron homeostasis by the iron regulatory protein/iron-responsive element regulatory system is among the best characterized post-transcriptional regulatory mechanisms in vertebrates ([@B2]). This system involves two cytoplasmic iron regulatory proteins, IRP1 and IRP2, and RNA stem--loop, known as IREs, within transcripts encoding iron metabolism proteins. Under conditions of iron starvation, IRPs bind to the IREs and control the expression of target mRNAs by two different mechanisms. Either of the IRPs induces translational repression when bound to an IRE located at the 5′ UTR, whereas their association with IREs in the 3′ UTR mediates mRNA stabilization ([@B3],[@B4]). The central role of the IRPs in iron homeostasis is highlighted by the observation that total and constitutive genetic ablation of both IRP1 and IRP2 causes embryonic lethality in mice ([@B5]). Furthermore, tissue-specific disruption of both IRPs in duodenal enterocytes revealed that these proteins are essential for intestinal function ([@B6]).

IREs have been reported in a total of 12 mRNAs, 7 containing an IRE in their 5′ UTRs and 5 in their 3′ UTRs. 5′ UTR IREs include those present in the mRNAs coding for the iron storage proteins ferritin L (FTL) and ferritin H (FTH1; 7), the heme biosynthesis enzyme ALAS2 ([@B8]), the iron exporter ferroportin (SLC40A1; 9), two enzymes of the citric acid cycle (mitochondrial aconitase ACO2 and *Drosophila melanogaster* succinate dehydrogenase dSDH; 10) and the transcription factor and oxygen sensor EPAS1 (also known as HIF2alpha; 11). 3′ UTR IREs have been identified in mRNAs for iron acquisition molecules (TFR1 and SLC11A2; 12,13), the human cell-cycle phosphatase CDC14A ([@B14]), the human myotonic dystrophy kinase-related Cdc42-binding kinase alpha (CDC42BPA; 15) and the mouse glycolate oxidase (Hao1; 16). In humans, the failure to coordinate the expression of IRE-containing genes is associated with pathologic conditions, as illustrated by the autosomal dominant hyperferritinemia-cataract syndrome observed in patients carrying mutations in the FTL IRE (17; HHCS, OMIM 600886), or by an autosomal dominant iron overload syndrome associated with a mutation in the FTH1 IRE (18; OMIM 134770).

A canonical IRE structure is composed of a 6-nt apical loop (5′-CAGWGH-3′; whereby W stands for A or U and H for A, C or U) on a stem of five paired nucleotides, a small asymmetrical bulge with an unpaired cytosine on the 5′ strand of the stem, and an additional lower stem of variable length. The first (C14) and the fifth (G18) nucleotides of the terminal loop pair, forming an AGW pseudo-triloop and leaving position 19 unpaired ([@B19],[@B20]). *In vitro* selection procedures have yielded several IRE-like structures with alternative nucleotide composition in the apical loop, yet able to bind IRP1 and/or IRP2 ([@B21; @B22; @B23]). In addition, several IREs present a non-canonical structure with an unpaired bulge nucleotide on the 3′ strand of the upper stem (i.e. IRE of SLC11A2 and EPAS1) or a mismatch pair in the upper stem (i.e. IRE of Hao1). These data indicate that the primary and secondary structure of an IRP-binding IRE-like motif is more variable and flexible than had previously been recognized. Indeed, current available programs (i.e. RNAAnalyzer, UTRScan and RNAMotif; 24--26) to predict IREs do not show a satisfactory level of sensitivity and fail to detect functional non-canonical IREs identified by our group and others ([@B11],[@B13]). To overcome this limitation, we have created a new software tool dedicated to predict IREs and implemented as a web server tool easy to use for the entire research community.

MATERIALS AND METHODS
=====================

IRE prediction algorithm
------------------------

The SIREs algorithm is implemented on a Perl script that screens for a 19 or 20 nucleotide sequence motif corresponding to the core sequence of an IRE (positions n07--n25) that includes the hexa-apical hairpin loop (n14--n19), the upper stem, the cytosine bulge (C8) and the lower base pair (n07--n25) ([Figure 1](#F1){ref-type="fig"}A). This core IRE region is sufficient to establish the recently reported RNA binding hierarchy between IRP1 and 5′ IREs ([@B27]). We used a highly specific rule-based decision tree shown in [Figure 1](#F1){ref-type="fig"}B to screen for IRE motifs in nucleotide sequences. First, the sequences are screened to find one of the motifs described in [Figure 1](#F1){ref-type="fig"} (motif 1--18). These 18 motifs are based on two canonical IRE motifs 5′-CNNNNNCAGUGN-3′ (motif 1) and 5′-CNNNNNCAGAGN-3′ (motif 2) and 16 SELEX (systematic evolution of ligands by exponential enrichment) motifs proven to bind IRP1 and/or IRP2 *in vitro* with a relative binding efficiency \>20% ([@B21; @B22; @B23]). All motifs but motif 18 contain a cytosine at position n8; motif 18 has a guanine. Next, pairing of the upper stem nucleotides is tested allowing six pairing combinations (four Watson--Crick base pairs: A--U, U--A, C--G, G--C, and two wobble base pairs: U.G and G.U). The number of G.U or U.G wobble base pairs in the upper stem and at position n07--n25 is limited to a maximum of two, since the presence of three or more wobble base pairs impairs the formation of a proper IRE (data not shown). The SIREs program allows the detection of IRE-like motifs with one mismatch in the upper stem (positions n13--n20, n12--n21, n11--n22, n10--n23, n09--n24) or at position n07--n25, in order to detect IREs like the one present in the Hao1 mRNA, which contains an A:A mismatch at position n11--n22. Similarly, a single bulge in the 3′ half of the upper stem (3′ bulge) is allowed at positions n20b, n21b, n22b or n23b to detect IREs such as the ones present in the mRNA of SLC11A2 or EPAS1 (U bulge position n21b). The acceptance of one 3′ bulge nucleotide or one mismatch in the upper stem or at position n07--n25 is mutually exclusive. Once a sequence fulfilling all these criteria has been identified, six additional nucleotides of the lower stem are obtained and reported. Predicted folding free energy (RNAfold program, Vienna package) is also reported by SIREs program and considered in the quality scoring system (see below). Figure 1.(**A**) Schematic representation of an IRE. The SIREs prediction program allows the detection of IREs with 18 different apical motifs, one bulge at the 3′ (n20b, n21b, n22b and n23b) or one mismatch in the upper stem. (**B)** Main workflow of the SIREs prediction algorithm. Prediction is limited to the core IRE sequence containing the hexa-apical loop (n14--n19), the C8 bulge, the upper stem and the base pair n07--n25. After finding a matching sequence, additional nucleotides from the lower stem are also obtained and reported (n01--n06 and n26--n31).

Web server
----------

The SIREs web server program uses a simple input that allows easy handling and provides output reports with detailed information for prediction of IREs. The server can accept single or multiple DNA or RNA sequence entries in FASTA format. For performance reasons, there is a limit of 500 000 residues to be submitted. The server takes between 15 and 60 s for handling such input.

A partial sequence of the 5′ UTR of the mouse ferritin-H cDNA (GenBank Accession number: NM_010239, nucleotides 1--240) that contains an IRE is used as a rapid testing example ([Figure 2](#F2){ref-type="fig"}). In addition, a pre-compiled result page using a multi-sequence query input is also provided as a more complex example. Extensive documentation on the algorithm, the server and the biological system is provided in the documentation, FAQs and references sections; there is also a straightforward way to contact the team to make suggestions and to report problems ([Figure 2](#F2){ref-type="fig"}). Figure 2.Input page of the SIREs web server. The input page of the SIREs web server provides a simplified form where only the sequence in FASTA format is required. A partial sequence of the 5′UTR of the mouse ferritin-H cDNA (GenBank Accession number: NM_010239, nucleotides 1--240) that contains an IRE is given as an example of the FASTA format that can also be used as a rapid testing example. A navigation area is also presented, containing links to the documentation, FAQs, references and contact sections.

The output includes the total number of submitted sequences and predicted IREs, and it is stored at specific addresses, which can be bookmarked for later retrieval or inspection. Results are reported in tabular format ([Figure 3](#F3){ref-type="fig"}B) for rapid inspection as well as by a schematic visual representation ([Figure 3](#F3){ref-type="fig"}B and C) that highlights important features of the IRE motif in colors (i.e. apical loop in red, C8 bulge in green, G.U or U.G wobble base pairs in orange, 3′ bulge or upper stem mismatch in yellow). Both tabular and visual data are hyperlinked to each other. The tabulated list can be sorted by several criteria including mapped IRE start and end positions, loop type, free energy and quality flag and its content can be downloaded in GFF format (general feature format, see <http://song.sourceforge.net/gff3.shtml> for full description of GFF), which allows rapid machine processing. The sequence surrounding the predicted IRE (sequence context) is shown with the primary IRE sequence in red, which can be downloaded in FASTA format for further analysis (i.e. BLAST search of conserved IRE in orthologous genes; [Figure 3](#F3){ref-type="fig"}D). Figure 3.The SIREs web server output. (**A**) The top part shows navigation links to all different sections of the web site. Below, a summary of the results is shown, including the total number of submitted sequences and predicted IREs, and a detailed table with features of each predicted IRE. This table can be sorted by several criteria and its content can be downloaded in GFF standard format. Each row is linked to a more detailed report. (**B**) For each predicted IRE, a detailed report is presented including the overall quality of the prediction, a graphical representation of the predicted structure and detailed description of the predicted IRE features. The scheme includes a legend and highlights important IRE features, including the apical loop (in red), the C-8 bulge (in green), GU/UG base pairs (in orange) and other bulges or mismatches (in yellow). This image can be downloaded in JPEG format. To the right, a summary of the predicted IRE features is provided. By clicking in each feature, the user accesses a short description of it. (**C**) The user can switch from the scheme described before to a graphical representation of the RNA folded by the RNAfold program from the Vienna Package, where also the apical loop (in red) and the C8 bulge (in green) are highlighted. (**D**) For each predicted IRE, the sequence ID and sequence context is also provided, with the predicted IRE sequence shown in red. The IRE sequence can be downloaded in FASTA format by clicking on the provided link. (**E**) The SIREs web server also provides the conventional representation of the RNA folding in Vienna format.

A SIREs prediction reports information on the nucleotide composition of the apical loop (canonical motifs: 1 and 2 or SELEX motifs: 3--18) and the presence of: one mismatch base pair or one 3′ bulged nucleotide in the upper stem, a guanine (G) at position n25, and the number of wobble base pairs. The presence of the nitrogenous base guanine at position n25 should be taken with caution since it may pair with the cytosine (C8) bulge and could hence impair the formation of a proper IRE. These features are taken into account for the acquisition of an overall quality IRE prediction flag.

In addition to the SIREs predicted structure ([Figure 3](#F3){ref-type="fig"}B), the putative IRE is folded using the RNAfold program from the Vienna RNA package ([@B28]), a well-established compendium of tools for the prediction and comparison of RNA secondary structures ([Figure 3](#F3){ref-type="fig"}C). Both graphical representations can be exported to a common graphic format (JPEG) and the proposed RNA folding structure can be downloaded in the Vienna format ([Figure 3](#F3){ref-type="fig"}E). For both the secondary structures, the minimum free energy is calculated using the RNAfold program, when possible. SIREs prediction structures that fail to be folded by RNAfold program will show a minimum free energy of 0.0. A list of IRE features is displayed next to the graphs in the report section together with a small quality icon (green or yellow tick or red cross; [Figure 3](#F3){ref-type="fig"}B and C). Each of these features displays interactive help information in widgets after being clicked. Benchmarking queries containing up to 1000 sequence and 300 000 residues will typically run in \<15 s. All the files generated by the server including the FASTA input sequence, the GFF summary file, all the structure images for both SIREs and RNA fold predictions, and the Vienna and FASTA formatted files for the predicted IREs can also be download in a single compressed file.

Confidence of IRE predictions
-----------------------------

We have set three levels of stringency for assessing the confidence of the IRE predictions by the SIREs program. Reported features are scored and IREs are classified into three categories of confidence according to the sum score value: high (scores from 8 to 6); medium (scores from 5.9 to 4) and low (scores from 3.9 to 0). High confidence IRE predictions include all known and well characterized IREs *in vitro* and *in vivo* such as the IREs present in ferritin L, ferritin H, TFR1, ALAS2, ACO2, SLC40A1, dSDH, CDC14A, SLC11A2 and EPAS1. Medium and low confidence level predictions include IRE-like motifs that do not fulfill most of the IRE prediction criteria. SIREs program scores with a medium confidence flag the IREs present in the mouse Hao1 and the human CDC42BPA mRNAs; evidence of *in vivo* functionality for these IREs has not yet been reported. IREs containing a SELEX apical motif (motifs 3 to 18) are penalized in the SIREs scoring system; thus, they are less probable to be reported as high quality predictions. To validate the predicted IREs reported by our program, we strongly recommend studying the *in vitro* functionality of the predicted IRE by competitive EMSA experiments ([@B11],[@B14]) complemented by suitable functional tests *in vivo*, prioritizing high confidence IREs.

To evaluate the SIREs program, we use a data set of 35 novel IRP target genes recently identified and enriched on IRE-containing mRNAs (*P* = 6e-13, Fisher's exact test; Sanchez *et al.*, manuscript in preparation) together with 150 random sequences that are not expected to harbor IRE elements. The random sequences were generated by random shuffling the nucleotides of 150 mouse RNA sequences arbitrarily selected. Novel IRP1 and IRP2 associated mRNAs were isolated by immunoprecipitation from five mouse tissues and detected by genome-wide microarray analysis. We identified 43 mRNAs able to bind both IRPs in at least one of the tested tissues, including all eight known murine IRE-containing mRNAs (Ftl, Fth1, Tfrc, Aco2, Alas2, Slc40a1, Slc11a2 and Epas1) and 35 previously unknown IRP target genes (Sanchez *et al.*, manuscript in preparation).

Twenty-nine IREs were predicted by SIREs in 24 out of 35 novel IRP target genes. [Figure 4](#F4){ref-type="fig"} shows that canonical motifs 1 and 2 together with SELEX motif 8 constitute \>65% of the total IREs detected by SIREs in this benchmark set of genes (27.6%, 24.1% and 13.8%, respectively). Figure 4.Motif distribution of the 35 IRP target genes used in SIREs evaluation. Twenty-nine IREs were predicted by SIREs in 24 out of 35 novel IRP target genes. Canonical motif 1 and 2 and SELEX motif 8 were detected more abundantly. Stem types inside each motif are classified by color as no mismatch/3′ bulge (blue), mismatch (red) or 3′ bulge (green).

Sensitivity, specificity and precision of the SIREs and three alternative IRE prediction programs (RNAAnalyzer, UTRScan and RNAMotif) were calculated and are reported in [Table 1](#T1){ref-type="table"}. Taking into consideration that not all IRP target genes may bind the IRPs through an IRE ([@B29]), it is likely that sensitivity values are underestimated. The data demonstrate the superior performance of the SIREs program compared with previously reported IRE search algorithms. Table 1.Sensitivity, specificity and precision levels for SIREs and three additional IRE predicted softwaresSIRES[^a^](#TF2){ref-type="table-fn"}RNA Analyzer[^b^](#TF3){ref-type="table-fn"}UTR Scan[^c^](#TF4){ref-type="table-fn"}RNA Motif[^d^](#TF5){ref-type="table-fn"}Confidence levelLowMediumHighSensitivity (%)69.651.425.714.211.42.85Specificity (%)91.395.399.399.399.399.3Precision (%)64.972.090.083.380.050.0[^2][^3][^4][^5][^6][^7]

DISCUSSION AND CONCLUSIONS
==========================

The SIREs web server is a bioinformatic tool to predict IRE-like motifs in nucleotide sequences. Existing software tools to predict this type of *cis*-regulatory element (RNAAnalyzer, UTRScan and RNAMotif) ([@B24; @B25; @B26]) are not sufficiently accurate to find atypical IREs due to their strict constraints for pattern matching searches. The major advantage of the SIREs program is that it is able to detect canonical and non-canonical IREs because it integrates and allows the combination of several experimentally reported IRE structures without losing stringency in its predictions. Therefore, with this program we can predict IRE motifs with 18 possible apical loop motifs, one single mismatch in the upper stem or one single 3′ bulge nucleotide and a maximum of two wobble base pairs. These extended combinations allow predicting all experimentally tested IREs not possible to be found until now with current bioinformatics tools and expand the IRE consensus secondary structure ([@B21; @B22; @B23],[@B27]).

In addition, the SIREs program offers an overall quality flag for IRE prediction obtained by scoring the similarities between the predicted SIREs motif and the minimal energy conformational structure predicted by RNAfold program and the presence/absence of the abovementioned IRE structure characteristics.

IREs with medium or low flag quality have a lower confidence of prediction. The SIREs algorithm detects additional IREs in known IRE-containing mRNAs, such as in the human sequences of FTH1 (NM_002032), EPAS1 (NM_001430), ACO2 (NM_001098), SLC40A1 (NM_014585) and in the mouse sequence of SLC11A2 (AF029758). Any of these novel IREs have high confidence scores, and some of them even fail to be folded; suggesting that they are false positives. In fact, we could not functionally validate *in vitro* the highest scored of those IREs corresponding to a 3′IRE in ACO2 mRNA (motif 17 and medium level of confidence) by competitive EMSAs (data not shown).

In summary, the SIREs web server represents a significant improvement over currently available programs to predict IREs, providing the scientific community with an easy-to-use bioinformatics platform to identify putative IRE motifs that can then be subjected to further experimental testing *in vitro* and *in vivo*.
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